Nondestructive testing of substation grounding grids is an issue that has increasing importance. The traditional EMI method transforms the condition of the undergrounding conductors to the surficial induced electric signal in the sensing coil. However, The EMI signals excited by multiple coexisted faults combining with other unknown noises surrounding the substation often cause the failure of detection. Therefore, the observed EMI signals rather complex and cannot be used directly. To address this problem, the separation of individual signatures from the mixture is posed as an SCBSS problem. To extract the induced signal, an EEMD-based EMI method is proposed. The desired signal is then reconstructed to visualize the structure of the grounding grids by a virtual instrument that consists of DAQ and digital signal processing modules. The numerical simulation and practical experiments are employed. The results show the proposed method can be used to effectively detect the topological structure of grounding grid in real substations' electromagnetic environment.
I. INTRODUCTION
The grounding system is a critical factor to an electrical substation. It ensures operational performance of the equipment and safety of personnel on site. The main element of a grounding system is a mesh of interconnected metal conductors which provides a low resistive path for the surge currents to flow into the earth. In general, the grounding grid is made of metal or metal alloys such as steel, galvanized steel and copper being horizontally buried about 0.3-2m deep under the soil [1] . The buried mesh of bare metal conductors spread over the whole area of the substation. Vertical ground rods are connected to the grid at various positions of the substation such as lightning arresters and power transformers. These vertical conductors are the only access points to the buried horizontal conductors.
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The buried metal conductors are subjected to corrosion which is a common natural phenomenon. Due to long-term soil corrosion, some metal branches may even become broken [2] . Corrosion is the most dangerous factor that severely threatens the reliability and integrity of the grounding grids. Therefore, there is an urgent need to conduct an efficient diagnosis method to evaluate the status of the grounding grids. However, in an operating substation, the topological structure of the grounding grid is often unknown and uncertain due to human error. Therefore, detecting the topology of the grounding grid is a prerequisite for detecting corrosion and breakpoints.
In recent years, an increasing number of scholars proposed nondestructive testing (NDT) methods to the corrosion and breakpoint diagnosis of grounding grids [3] . At present, these NDT methods can be classified into three main categories. They are the equivalent circuit network method [4] , [5] , the electrochemical method [6] and the electromagnetic induction (EMI) method [7] - [9] .
The equivalent circuit network method regards the grounding grids as a pure resistance network and establishes the diagnosis equation that describes the nonlinear relationship among branch resistances and node voltages. However, the variations of the grounding resistance and the surface potential are quite small and undetectable in the early stage of corrosion of conductors. The electrochemical method often fails due to the low signal to noise ratio (SNR). Moreover, this method is invalid for conductor breaks detection.
As one of the geophysical methods, the EMI method is most widely used to measure the topological structure and the break position of the grounding grids [10] - [12] . In theory, the EMI method can detect the degree of corrosion in the case where the grounding network topology is unknown. This method injects current into two down-lead wires of the grounding grid and measures the surface magnetic flux density induced by the metal conductors. The distribution of the electromagnetic reveals the topological structure and broken points of grounding grids.
Reference [13] measured the topological structure of the grounding grid by injecting a DC current into two conductors of the mesh. The derivative of surface flux density in a systematic order was used to find the position of the grid. Further works in [14] applied the derivative method to diagnose breaks in grounding grids without excavation. More simulations and lab experiments were carried out in [15] . The results showed the feasibility of the EMI and the derivative method.
The fundamental problem in the EMI method is to accurately extract the small induced signal from the sensing coil. However, the sampled signal is usually a mixture of several signals due to the noisy electromagnetic interference surrounding the substation [16] . This often causes the failure of detection. Moreover, typical filters are noneffective because the amplitude of the strong interference is usually tens of times of the wanted signal.
Since the sampled signal of EMI is an unknown mixture of multisource, it is necessary to separate the induced signal from other signals. This problem can be posed as a blind source separation (BSS). BSS separates the mixed signals without knowing the prior knowledge of the number of source signals and the mixed path [17] .
Independent component analysis (ICA) is the most used algorithms to realize BSS [18] . More improved ICA algorithms, such as FastICA and ASS-GAICA [19] , have been proposed by researchers to enhance the applicability of the ICA in various fields.
Especially, single channel blind source separation (SCBSS) can separate the source signal with only one observed signal [20] . Among SCBSS methods, empirical mode decomposition (EMD) has a highly adaptive nature in extracting features [21] . EMD is nonparametric in decomposing empirically sensing signal into a series of intrinsic mode functions (IMFs) [22] - [24] . The advantage of the EMD allows the nonstationary and nonlinearity information of the signal to be revealed for accurate characterization of signals [25] , [26] . However, EMD often fails to extract features accurately because of mode aliasing [27] .
To alleviate mode mixing and aliasing, the ensemble empirical mode decomposition (EEMD) was developed to improve EMD [28] . EEMD can decompose a complicated signal into a series of IMFs according to the signal local characteristics. By adding noise to the original signal and calculating the means of IMFs repeatedly, the EEMD method can avoid the mode mixing problem in all cases.
In order to obtain accurately the surface distributions of the magnetic field in the intense electromagnetic environment of substations, an EEMD-EMI method is proposed to improve the anti-noise ability of the traditional EMI method. the EEMD decomposes adaptively the EMI sequences adapted from the time-frequency domain analysis method. The proposed method is applied to detect the topological structure of the grounding grids in a real substation. And the positions of buried metal conductors of the grids are successfully detected with it. This paper is organized as follows. The measuring principle of traditional EMI and the frame diagram of the NDT system are presented in Section 2. The EEMD algorithm is briefly described in Section 3 following by the proposing of the EEMD-EMI method. Section 4 and Section 5 describe the numerical simulation and the practical experiments respectively. Finally, conclusions are given in Section 6.
II. TRADITIONAL EMI METHOD TO NDT OF GROUNDING GRIDS A. PRINCIPLE OF THE TRADITIONAL EMI METHOD
The EMI method is to detect the grounding grids by measuring the spatial distribution of the magnetic field induced by grounding conductors which are excited by an alternating current. The magnetic distribution can provide useful information for the topology and position of conductors.
When rust does not occur in any branches of a grounding grid, the topological structure of the grounding grid remains unchanged. The equivalent circuit of a mesh of the grounding grid is shown in Fig. 1 .
The output function of the excitation source is denoted as
where U is the magnitude, ω is the angular frequency. We suppose the resistances of each branches are all R.The current flowing in one of the conductor branches can be written as
According to electromagnetic induction theory, when a current in sine wave flows along the metal conductors of grounding grids, an AC magnetic field is created in the same frequency. The magnitude of the magnetic field is the function of the carrying current intensity.
To simplify the problem, consider a single current-carrying conductor buried in the soil and on the y-axis as shown in Fig.  2 . The current I flows through the conductor and the point P is on the ground.
The differential magnetic field in an arbitrary point on the surface ground of the conductor branch can be written as
where µ 0 is the magnetic conductivity. d − → l is the differential element of the conductor. r is the distance from P to the d − → l . r is the direction vector of the r. θ is the angle between d − → l and r.
Therefore, the magnetic flux density of a current-carrying straight conductor is
where ρ is the vertical distance from P to the conductor. l is the distance between O and d − → l . Other notations are shown in Fig. 2 .
If the metal conductors either completely or partly become oxides, meaning a fault of the grounding grid, the AC impedance of the corroded segment deviates from the original value. The equivalent circuit of a corroded conductor is modeled as the parallel circuit of a resistance and a capacitance, shown as Fig. 1(b) . Let λ be the cross-sectional area proportion of the corroded conductor. The impedance of the corroded conductor turns to be
The variation of the impedance leads to the variation of the current in the corroded conductor which can be written as
Consequently, the surficial magnetic flux density above the corroded branch of the conductor becomes
Comparing (5) with (8), we can see that the variation of the impedance reforms the distribution of the magnetic field on the ground surface above the corroded segment. Therefore, by establishing the relation between the surficial magnetic flux density and the fault, the corroded points of the grounding grid can be diagnosed and located through the electromagnetic method.
In this work, the induced electromagnetic field is measured by the designed receiver which includes a sensing coil of wire. The coil is set above the ground surface of the grid.
The surficial magnetic flux density − → B by arbitrary currentcarrying conductor can be decomposed into the horizontal component B H and vertical component B V which are respectively written as follows.
where δ is the angle between the magnetic line of force and the horizontal direction. When the axial direction of the coil is set to be horizontal, the coil is inducted by the horizontal component of the surficial magnetic flux. According to Faraday's law of induction, the induced AC voltage ε in the sensing coil generated by the time-varying surficial magnetic field is as follows. On normal branches
On corroded branches
where N is the number of windings in the coil. S is the crosssectional area of the coil. Equation (11) illustrates that the EMI method can be used to detect the position of each conductor in the underground, thereby further obtaining the topological structure of the grounding grid. Equation (12) provides the theoretical basis for detecting the breakpoints and corrosion degree of the grounding grid. The EMI response measured from the sensing coil is a complex-valued quantity. Its real part is termed the ''inphase'' (IP) component while the imaginary part is termed the ''quadrature'' (Q) component. The in-phase and quadrature components at each frequency of interest are obtained by convolving the received time-series with a sine time-series (for in-phase) and a cosine time series (for quadrature) at each frequency of interest.
B. FRAME DIAGRAM OF THE NDT SYSTEM
The frame diagram in Fig. 3 outlines the proposed strategy intended for nondestructive testing of buried metal grids. A transmitter-receiver pair composes the NDT system. The diagnosis procedure is as follows. The transmitter firstly provides an excitation current directly into grounding grids through two injection electrodes of the grounding grids. Then the receiver measures the surficial magnetic induction density developed by current-carrying conductors. Consequently, the corrosion conditions or breakpoints of the mesh conductors are confirmed by analyzing the distribution characteristics.
The surficial induced magnetic field measurement is performed for the detection of the grounding grids. The transmitter supplies the exciting current at a well-designed and settled frequency. The sine wave current energizes the grounding grid continuously and creates the magnetic field on the surface ground. In order to measure the magnetic field, a sensing coil is arranged on the surface of the ground in fixed height. The direction of the coil's axis is set horizontally. The induced AC voltage in the coil is measured by the receiver which involves sensing coil, analog conditioning circuit, and the PC-based virtual instruments.
In our previous work [29] , the EMI-based NDT equipment operated well and obtained satisfactory results on a small physical model of metal grids in our laboratory. The position and the topological structure can be detected accurately. However, the traditional EMI method was unsuccessful in practical application in real substations because of the strong interference and harsh electromagnetic environment around the detecting area.
The strong interference around the substation is mainly generated by multisources such as main power transformers, high-speed on-off controllers, high voltage reactors, switches, current-carrying cables, and busbars. The frequency components of the interference are various and stochastic.
According to our field measurement, the induced voltage in the sensor generated by the interference signals is up to more than a dozen volts while the amplitude of the wanted signal is hundreds of mV. The amplitude of the interference is nearly one hundred times the amplitude of the wanted signal. The NDT equipment is in a ''harsh'' electromagnetic environment.
The traditional anti-noise means, such as analog and digital filter, power frequency notch filter and adaptive filter, were attempted in our previous work. The result was still unsatisfying.
To solve the problem, the convenience of EEMD on de-noising is combined with the EMI to the EEMD-EMI method. In the following section, the principle of the EEMD is described and the EEMD-EMI method is proposed.
III. THE PROPOSED EEMD-EMI METHOD A. BRIEF DESCRIPTION OF EEMD
The noise could be induced by local intermittent instabilities or irresolvable subgrid phenomena, or generated by some concurrent processes in the environment in which the investigations are conducted. The observed signal is a mixture of true signal and noise from unknowing sources in the practical application of detection of grounding grids, i.e.,
where x(t) denotes the observed signal. A is the mixing matrix. S(t) and N (t) represent multiple source signals and noise signals respectively. EMD, as a statistical signal processing, is a very useful tool for signal detection. As mentioned before, EMD's most significant drawback is mode mixing which implies false components in IMFs. In practical applications, the collected EMI signal contains a certain amount of random noise or gaps. In this condition, the decomposition is usually unstable and does not satisfy the physical uniqueness. To overcome the shortcoming of EMD, EEMD utilizes the EMD's scale separation ability and statistical features to segment the signal by a noise assisted analysis method, whereby EMD is applied to every member of the ensemble:
where w m (t) M m=1 are independent realizations of white noise.
With the help of EMD, the contaminated signal s m (t) M m=1 can be decomposed into a series of IMFs as where c n (t) is an IMF, n represents the sequence of each IMF. N is the number of IMFs. r(t) is the residue of data x(t), after n number of IMFs are extracted. After iteration, the final IMFs are
Thus the noisy sampled signal is split into a sum of modes for further processing.
B. EEMD-BASED EMI METHOD
The receiver of the NDT system has only one sensing coil, therefore the induced signal is sampled by a single-channel data acquisition. As one of SCBSS method, EEMD has been widely used in processing dynamic data and has made great achievements. We adopt EEMD on EMI data to effectively reduce the influence of interference and outliers to obtain stable performance. The improved EMI method basing on EEMD is shown in Fig. 4 .
The EMI signals thus acquired by the receiver were amplified using a differential amplifier, and filtered with an analog band-pass filter respectively. In the next step, the amplified signals were sampled at a rate of 100kHz and digitized with a DAQ device which samples a time series of the induced voltage in the coil. The sampling rate is 100 times the frequency of the original signal. The true signal ε(t) is relatively weak and buried in harsh EME of substations. The EEMD algorithm is implemented in the upper laptop to extract the weak induced signal in coil from the harsh electromagnetic environment. Upon being supplied with the single-channel EMI signal in the sensing coil, the EEMD decomposes the input into IMFs, which in turn are separated. The amplitude of the magnetic field is calculated from the reconstructed voltage signal.
The signal processing procedure is as follows, shown in Fig. 5. 1) Sample a time series of the induced voltage in the coil. The sampling rate is 100 times the frequency of the original signal. The true signal ε(t) is relatively weak and buried in harsh EME of substations. The original sampled signal can be described as δ 0 (t) = ε(t) + N p (t) (17) where N p (t) is a serial of unknown sources and noises.
2) Add a serial of white noises to the original sampled data. Denote the serial of white noises as {n 1 (t), n 2 (t), . . . n m (t)}, then the sampled signal turns to
3) Implement EMD on each δ i (t) |i = 1, 2, , . . . , m . The detail process is as follows.
(a) Extract the local maxima and minima of δ i (t). Interpolate the local maxima and the minima cubic spline lines to form upper and lower envelops of δ i (t), denoted as γ up (t) and γ low (t) respectively. b) Calculate the mean of the upper and lower envelops as
(c) Obtain a new series by
If h i,1 (t) is an IMF, Let h i,1 (t) be the first IMF of δ i (t). Otherwise go to next step.
(d) See h i,1 (t) as original signal, repeat (a)∼(c).
Repeat k times to obtain
Repeat (a) ∼ (e) to obtain all the c i,j (t) |i = 1, 2, . . . , m; j = 1, 2, . . . , n .
Define
is the residue of the signal. Thus the sampled signal can be written as
4) Implement EMD to all the δ i (t). Obtain m IMFs and m residues, written as
5) Calculate the mean of C and res, written as
The original signal can be written as
6) After EEMD is performed and a set of averaged IMFs is derived, FastICA is applied to the whole set of IMFs. The ICs are extracted as well as the mixing and separation matrices, A and W . After selecting the ICs of interest, the signal is reconstructed first by multiplying it by the mixing matrix to derive a new IMF set, in which only the IC of interest is present. Summing over the newly derived IMF set the appearance of the desired source in the original signal is obtained.
7) The result of step 6) is used to calculate the amplitude and phase of the induced signal by a virtual LNA in the upper notebook. The position and the corroded point of the buried conductor can be determined according to the distribution of the amplitude and phase of the induced electromagnetic field. 
IV. NUMERICAL SIMULATION A. SIMULATION OF THE EMI METHOD
The simulations of the EMI method are performed in CDEGS software. The numerical model considered for simulation analysis is made up of steel with buried depth of 0.8m. All conductors are 5mm in diameter. In order to verify the correctness of the EMI method, two grounding grid models with different shapes and sizes are established.
The first model is a regular mesh with dimensions equal to 15m × 15m as shown in Fig. 6 .
The physical model has 5 × 5 square-shaped grids, each of them is in size of 3m ×3m. An AC sinusoidal excitation current of 1kHz, 10A is injected into the points O (0,0) and A (15, 15) .
The induced magnetic field intensity of the grounding grid is calculated by the module in CDEGS. The surface magnetic field intensity distribution color map is shown in Fig. 7 .
It can be seen from the figure that the distribution of the ground magnetic field is completely consistent with the position and the topological structure of the grid.
To verify the feasibility of the EMI method on an irregular grid, we built another simulation model as shown in Fig.8 . The model is a complicated mesh with dimensions equal to 20m × 20m. An AC sinusoidal excitation current of 1kHz, 10A is injected into the points O (0,0) and B (20, 20) . The other simulation conditions and parameters are similar to the previous model. The topological structure of the grounding grid is revealed clearly by the magnetic field distribution, shown in Fig.9 .
The above results of simulations verify the correctness of the EMI method even the topological structure of the grounding grid is irregular mesh. In practical application, the magnetic field intensity needs to be measured accurately to obtain a clear topological structure. Therefore, the sinusoidal EMI signal in the sensing coil must be extracted from the complex electromagnetic interference.
B. SIMULATION OF THE EEMD-EMI METHOD
The purpose of this subsection is to verify the proposed method can effectively separate the multisource mixed EMI signal. The simulation signals consist of four sources: the wanted signal a(t), the unwanted signals (b(t) and c(t)) which are in lower frequencies representing electromagnetic interference in the measuring environment. The other simulated signal n(t) is the Gaussian noise, i.e. S(t) = [a(t), b(t), c(t), n(t)] T , and more specifically:
where f 1 = 1000Hz which equals the frequency of the driving AC current in the buried conduction, f 2 = 50Hz which is the frequency of the power line interference, f 3 = 150Hz which is the frequency of the third harmonic of power line, and the Gauss noise intensity can be determined by controlling the standard deviation. The sources and the mixed signal are shown in Fig. 10 .
Suppose the signal sampling frequency of a single sensor is 100k Hz, and the signal length is 10000 sampling points. The noise parameter σ is 0.1.
In order to simulate the collected signal with strong noise, the amplitudes of b(t), c(t) and n(t) are much larger than a(t), respectively are 100, 30 and 100 times of a(t). As the plot of the mixed signal x(t) which is a single-channel observed signal, the desired signal is buried in the other ones.
The EEMD algorithm is used to decompose the mixed signal. The result of the decomposition is shown in Fig. 11 .
Then combining the obtained IMFs into a multidimensional observation signal. Use FastICA to reconstruct the original signal, as shown in the first independent component (IC1) of Fig. 12 .
Comparing a(t) of Fig. 10 with IC1 of Fig. 12 the time domain oscillogram of the estimated signals and the source signals are basically similar. This indicates the source signals are nicely captured.
V. PRACTICAL EXPERIMENTS A. DEVELOPMENT OF THE NDT EQUIPMENT
The EMI signal is achieved from our self-made NDT equipment as shown in Fig. 13 .
The equipment, settled in a customized trolley, consists of three main part: the sensing coil, the mainframe case which includes a signal conditioning circuit module and a VOLUME 7, 2019 One sensing coil is used to acquire the EMI signal. The EMI signal is transformed into an AC voltage signal which is processed by an analog conditioning circuit. The signal conditioning circuit includes a differential preamplifier, a programmable band-pass filter and the main amplifier. The center frequency of the filter is digitally set to be 1kHz which is similar to the frequency of the AC excitation current.
After regulated the original signal is sampled by a well-designed DAQ module which is connected to the upper laptop. The DAQ is developed on DAQmx data acquisition software. The panel of the equipment is based on LabVIEW running on the laptop. The DAQ performs anti-aliasing filtering, A/D conversion, etc. on the sampling signal and finally converts the analog voltage signal into digital data. The sampling frequency is programmed to be 100kHz which is 100 times of the wanted signal. The number of sampling points is 1000. The original sampled time domain data is then transmitted to the computer for storage and further process.
The sampled data is consequently proposed by the proposed EEMD algorithm. According to the reconstructed data, the topological structure and the position of the corroded points are calculated and displayed in a 3D view.
B. EXPERIMENTS ON A SMALL MODEL OF GROUDING GRID
A scale-down grid model made of galvanized flat steel was built to implement the experiment. As shown in Fig. 14, the metal grid features a 4m×4m rectangle with 4 meshes. The buried depth of the grounding grid is near the surface. In order to imitate the actual burying depth, the operation height of the coil to the surface is 0.3m.
The sinusoidal current (2A, 1kHz) is injected from node A and flows out from node B. Since the network structure of the small physical model is known. The induced signal is measured directly alone the direction of the branch to verify feasibility. The NDT equipment measures the magnetic field data above the conductors of the grid. After each measurement, move the trolley forward on the y directions. We performed 9 measuring lines. Each measuring line includes 11 test points. The space between the measuring lines is 0.5m. Thus, there are 9 points on x-direction and 11 points on y-direction. The measured area is 4.5m×5.5m. After the implementation of single-channel BSS, the induced signal was reconstructed and the magnitude of the magnetic field was calculated. The topology structure of the small physical model of the grounding grid is obtained according to the distribution of amplification and phase of the induced magnetic field at each point, as shown in Fig.15 Comparing Fig. 14 and Fig. 15 , the topology structure of the distribution can be recognized clearly. The positions of the conductors are all correct.
C. EXPERIMENT IN A REAL SUBSTATION
The proposed method and the self-made equipment were further verified in a real substation shown in Fig. 16 . The substation was built in the 1990s, located in the northwest of China. The grounding grid of the substation was 60mm×5mm galvanized carbon steel. The mesh was buried in soil as deep as 0.8 m. The injection electrodes were 40mm×4mm galvanized steel as designed.
We measured 13m on x-direction and 19.5m on y-direction. The measuring spacing is 0.5m on x-direction and 0.3m on y-direction. That implies 27 measuring points on x and 66 measuring points on y.
After the acquisition of the EMI signal, all the magnetic flux densities of all the 27 × 66 testing points are obtained. In order to verify the effect of the EEMD algorithm, we drew two pseudo color maps of the magnetic field distribution. Fig.17 illustrates the magnetic field distribution drawn according to sampled data without any anti-noise process. The position and the topological structure of the grounding conductors cannot be recognized due to the strong inference around the substation. The wanted signal is buried in the unknown signal of other sources. Fig. 18 is the map drawn according to the data after EEMD. The topological structure of the grounding grids can be clearly recognized.
In order to prove the correctness of the result of the proposed method, we excavated manually by 0.8m deep according to the position of buried conductor shown on Fig. 18 . The excavation verifies that the drawn structure of grounding grids matches the facts, as shown in Fig. 19 .
the EEMD-based method accurately extracts the induced small signal and visualizes the distribution of the electromagnetic field even though the signal is buried in the strong noises. This result shows that the proposed method is practical in EMI signal detection in the harsh electromagnetic environment. The reconstruction ability of the diagnosis system is satisfying.
VI. CONCLUSION
This paper described a single-channel BSS scheme for EMI signal extraction and validated its performance. The EEMD-EMI method is proposed to solve the anti-interference problem in the detection to grounding grids in a harsh electromagnetic environment.
From the simulation and real-life experiment results, it is clear that the EEMD-based EMI method is effective for the extraction of signals, which makes the NDT equipment for grounding grids feasible to determinate the structure of the conductor.
